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Recently we have shown that T-cell-mediated kerati-
nocyte apoptosis plays a key pathogenetic role in the
formation of eczematous dermatitis. Spongiosis, the
histologic hallmark of eczematous dermatitis, is
characterized by impairment of cohesion between
epidermal keratinocytes. It is conceivable that the
intercellular junction of keratinocytes is an early
target of apoptosis-inducing T cells. In this study,
we demonstrate that the induction of keratinocyte
apoptosis is accompanied by a rapid cleavage of
E-cadherin and loss of coimmunoprecipitated
b-catenin. In situ examination of E-cadherin expres-
sion and cellular distribution in acute eczematous
dermatitis revealed a reduction in keratinocyte mem-
brane E-cadherin in areas of spongiosis. In contrast,
the in vitro and in vivo expression of desmosomal
cadherins during early apoptosis remained
unchanged. Therefore, induction of keratinocyte
apoptosis by skin-in®ltrating T cells, subseqent cleav-
age of E-cadherin, and resisting desmosomal
cadherins suggests a mechanism for spongiosis for-
mation in eczematous dermatitis. Key words: allergic
contact dermatitis/atopic dermatitis/desmocollin/desmo-
glein/E-cadherin. J Invest Dermatol 117:927±934, 2001
A
poptosis is a process of fundamental importance to
multicellular organisms that enables the removal of
damaged cells (Rathmell and Thompson, 1999). We
demonstrated that activated T cells in®ltrating the skin
in atopic dermatitis (AD) and allergic contact
dermatitis (ACD) induce keratinocyte apoptosis (Trautmann et al,
2000). Normal human keratinocytes express low levels of Fas that is
enhanced by interferon-g (IFN-g) and they are rendered susceptible
to apoptosis when Fas numbers reach a threshold of approximately
40,000 per keratinocyte. Subsequently, keratinocytes undergo
apoptosis induced by supernatants from activated T cells, direct
contact with activated T cells, and Fas triggering by anti-Fas
monoclonal antibodies (MoAb) or soluble Fas ligand. Keratinocyte
apoptosis was demonstrated in situ in lesional skin of AD, ACD, and
patch tests. Moreover, studies with normal human skin and
cultured skin equivalents demonstrated that keratinocyte apoptosis
caused by skin-in®ltrating T cells is a key event in the pathogenesis
of eczematous dermatitis (Trautmann et al, 2000).
In the dermis of acute AD and ACD, there is a marked
perivascular T cell in®ltrate consisting predominantly of activated
memory/effector T cells bearing cutaneous lymphocyte-associated
antigen and CD45RO (Leung et al, 1983; Santamaria Babi et al,
1995; Grabbe and Schwarz, 1998; Akdis et al, 2000a). ACD is
regarded as a type 1 T cell-mediated phenomenon, based on a
number of observations (Grabbe and Schwarz, 1998). A polarized
type 2 T cell cytokine pattern was previously regarded as a speci®c
feature re¯ecting immune dysregulation in AD, but current studies
demonstrate that both type 2 T cell and type 2 T cell cytokines play
important roles in the skin in¯ammatory response of AD (Akdis
et al, 1997, 1999a, b, 2000a; Grewe et al, 1998; Leung, 1999; 2000;
Spergel et al, 1999; Trautmann et al, 2000).
Spongiosis is a characteristic histopathologic appearance in
diseases of the skin, such as eczematous dermatitis and pemphigus
(Wolff et al, 1993; Machado-Pinto et al, 1996). It is characterized
by condensation of cells, widening of the intercellular space, and
stretching of remaining intercellular contacts, resulting in a
spongelike appearance of the tissue. Speci®c adhesiveness of
keratinocytes is provided by homophilic interactions of the
cadherin superfamily (Amagai, 1995; Koch et al, 1999). Adherens
junctions anchor actin micro®laments and contain E-cadherin (E-
cad) as their transmembrane glycoprotein. The intracellular
segment of E-cad associates with a-catenin, b-catenin, and g-
catenin (plakoglobin) (Amagai, 1995; Yap et al, 1997; Koch et al,
1999). The major transmembrane components of desmosomes are
desmogleins (Dsg) and desmocollins (Dsc). These desmosomal
cadherins bind to the cytoplasmic proteins plakoglobin and
desmoplakin, and are linked to keratin intermediate ®laments
(Amagai, 1995). Although central to cellular adhesion, cadherins
display physiologic functions beyond the mechanical interconnec-
tion of cells. Recent studies suggested that cadherins play a crucial
role in regulatory pathways involved in various aspects of cell fate
including developmental decisions, cell differentiation, and cell
survival (Zhu and Watt, 1996; Yap et al, 1997; Hakimelahi et al,
2000). In this context, we investigated the fate of different
cadherins in keratinocytes that are undergoing apoptosis in cultures
and skin biopsies.
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This study demonstrates that E-cad is cleaved during early
apoptosis of keratinocytes, whereas the desmosomal cadherins Dsg
and Dsc remain intact. We conclude that loss of E-cad and
sustained expression of demosomal cadherins result in epidermal
spongiosis and may represent an important mechanism for the
development of eczematous dermatitis.
MATERIALS AND METHODS
Subject Incisional skin biopsies were taken from lesional skin of ®ve
patients with acute AD and from positive epicutaneous patch test sites of
six patients with ACD. AD was diagnosed according to the standard
criteria (Hani®n, 1982). ACD for nickel was diagnosed by epicutaneous
patch testing. Control skin was obtained from three healthy, nonatopic
individuals. T cells were puri®ed from nine healthy donors. Informed
consent was obtained from all subjects, and the study was approved by
the Ethical Committee of Davos.
Reagents and antibodies Ethidium bromide was purchased from
Sigma (St. Louis, MO). Anti-CD14, anti-CD16, anti-CD19, and anti-
CD45RA magnetic microbeads for magnetic activated cell sorting
(MACS) were obtained from Miltenyi Biotec (Bergisch Gladbach,
Germany). Anti-CD2 (4B2, 6G4) and anti-CD28 (15E4) MoAb were
purchased from the Red Cross Blood Transfusion Service (Amsterdam,
The Netherlands). Anti-CD3 MoAb was provided by clone CRL8001
obtained from ATCC (Manassas, VA). For immunoprecipitation,
immunoblotting, immunocytology, and immunohistology the following
antibodies were used: anti-pan-Dsg (AHP321, Serotec, Oxford, U.K.),
anti-Dsg1+2 (DG3.10), anti-Dsg3 (Dsg-G194), anti-Dsc1 (Dsc1-U100),
anti-Dsc3 (Dsc3-U114) (all from Progen Biotechnik, Heidelberg,
Germany), anti-E-cad (H-108, Santa Cruz Biotechnology, Santa Cruz,
CA; 67A4, Immunotech, Marseilles, France; HECD-1, Alexis, San
Diego, CA; SHE78-7, Alexis), and anti-b-catenin (C-18, Santa Cruz
Biotechnology). The apoptosis-inducing anti-Fas MoAb (CH-11) was
purchased from Immunotech, and the blocking anti-IFN-g receptor
MoAb from Genzyme Pharmaceuticals (Cambridge, MA). Recombinant
soluble Fas ligand and Fas-Fc protein were purchased from Alexis. The
caspase inhibitors Z-Val-Ala-DL-Asp-¯uoromethylketone (Z-VAD-
FMK) and Ac-Asp-Glu-Val-Asp-aldehyde (Ac-DEVD-CHO) were from
Bachem (Bubendorf, Switzerland).
Keratinocyte cultures Human keratinocytes were obtained from
neonatal foreskins. The skin was split overnight in sucrose/trypsin
solution [0.1% sucrose, 0.25% trypsin, 1 mM ethylenediamine tetraacetic
acid (EDTA), all from Sigma] at 4°C. Epidermal sheets were removed
from the dermis and keratinocyte cell suspensions were cultured in a
fully supplemented (5 mg per ml bovine insulin, 0.5 mg per ml
hydrocortisone, 0.1 ng per ml human epidermal growth factor, 30 mg
per ml bovine pituitary extract, 100 mg per ml gentamicin, 100 ng per
ml amphotericin B), low calcium (0.15 mM Ca2+), serum-free
keratinocyte growth medium (Clonetics, San Diego, CA).
Hydrocortisone and the antibiotics were removed from the culture
medium during experiments.
Isolation of CD45RO+ memory/effector T cells Mononuclear
cells were isolated by Ficoll (Biochrom, Berlin, Germany) density
Figure 1. T-cell-induced Fas-mediated kera-
tinocyte apoptosis plays a key pathogenetic
role in eczematous dermatitis. (A) Normal,
healthy skin. Hematoxylin and eosin staining. (B)
Representative histologic ®ndings of acute
eczematous dermatitis. A dense subepidermal
in¯ammatory in®ltrate and marked epidermal
spongiotic changes. Hematoxylin and eosin
staining. (C) CD4+ cells, in®ltrating the spongiotic
epidermis. Immunohistologic staining with 3-
amino-9-ethylcarbazole substrate and counter-
staining with hematoxylin. (D) Normal, healthy
skin as a negative control of TUNEL. (E) Lesional
skin of acute AD. Red condensed and partly
fragmented nuclei indicate positive staining of
apoptotic keratinocytes. TUNEL. (F) Apoptotic
keratinocytes in acute ACD. TUNEL. (G)
Coculture of keratinocytes and unstimulated or
stimulated (with anti-CD2, anti-CD3, and anti-
CD28 MoAb) CD45RO+ T cells in Transwell
plates. CD45RO+ T cell induced keratinocyte
death is inhibited by 1 mg per ml blocking anti-
IFN-g receptor MoAb and 1 mg per ml Fas-Fc
protein. Keratinocyte viability was monitored by
ethidium bromide exclusion and ¯ow cytometry.
*p < 0.05. Results shown represent three
experiments. Scale bars: (A, B) 50 mm; (C)
100 mm; (D±F) 25 mm.
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gradient centrifugation of peripheral venous blood. CD45RO+ T cells
were isolated with the MACS system according to the instructions of the
manufacturer (Miltenyi Biotec). In brief, monocytes, B cells, natural
killer cells, and naive T cells were depleted by means of microbead-
conjugated anti-CD14, anti-CD19, anti-CD16, and anti-CD45RA.
CD45RO+ T cells grown in RPMI 1640 (supplemented with 10% fetal
calf serum, 2 mM L-glutamine, 100 U per ml penicillin, and 100 mg per
ml streptomycin; all from Life Technologies, Basel, Switzerland) were
stimulated with a combination of soluble anti-CD2 (0.5 mg per ml), anti-
CD3 (1.0 mg per ml), and anti-CD28 (0.5 mg per ml) MoAb (Akdis
et al, 1999a). The supernatants were harvested after 3 d and were added
1:2 diluted to keratinocytes.
Keratinocyte±T cell cocultures CD45RO+ T cells were stimulated
with a combination of soluble anti-CD2 (0.5 mg per ml), anti-CD3
(1.0 mg per ml), and anti-CD28 (0.5 mg per ml) MoAb (Akdis et al,
1999a) for 24 h and washed twice before coculturing with keratinocytes
in six-well Transwell plates (Corning-Costar, Cambridge, U.K.). The
Transwells consist of a lower and an upper compartment, which are
separated by a polycarbonate membrane with pores of 0.4 mm size and
10 mm thickness. Keratinocytes (3 3 105) were transferred into the
lower culture well, T cells (1 3 105) were added to the upper
compartment.
Viability and apoptosis detection Keratinocyte viability was
evaluated by means of ethidium bromide (1 mM) uptake and ¯ow
cytometry (EPICSÔ XL-MCL ¯ow cytometer, Beckmann Coulter,
Nyon, Switzerland). Apoptotic cells were identi®ed in situ by staining
double-strand DNA breaks. Terminal deoxynucleotidyl transferase
mediated dUTP nick end labeling (TUNEL) was employed, as described
previously (Gavrieli et al, 1992). TUNEL reaction mixture (Boehringer
Mannheim, Mannheim, Germany) was added to the samples, which
were incubated for 60 min at 37°C. Incorporated dUTP was detected by
Fab fragments from sheep, conjugated with alkaline phosphatase, and
substrate reaction with Fast Red (Boehringer Mannheim). Hoechst
staining was done as described previously (Norris et al, 1997). After
®xation with 4% paraformaldehyde in 200 mM dihydrogen phosphate
(pH 7.0) overnight at 4°C, staining was performed with Hoechst 33342
dye (1 mg per ml; Sigma) for 5 min. Stained sections were evaluated
with an ultraviolet microscope (Axiovert 405 M, Carl Zeiss, Feldbach,
Switzerland).
Immunoprecipitation and immunoblotting For labeling with
[35S]-methionine, keratinocytes were incubated in methionine-free
labeling medium (containing 0.1±0.2 mCi per ml [35S]-methionine) for
6 h. Immunoprecipitation and immunoblots were performed as described
previously (Akdis et al, 2000b). Keratinocytes were lysed with lysis buffer
(20 mM 3-[N-morpholino]propanesulfonic acid, 150 mM NaCl, 1 mM
EDTA, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% sodium lauryl
sulfate, 1 mM phenylmethylsulfonyl ¯uoride, 10 mg per ml leupeptin,
10 mg per ml aprotinin, 1 mM orthovanadate; all reagents from Fluka
Chemie, Buchs, Switzerland) for 1 h at 4°C. Following a pre-clearing
step lysates were quantitated with the Bio-Rad Protein Assay (Bio-Rad
Laboratories, Gattbrugg, Switzerland). Immunoprecipitations with 500±
1000 mg of total cellular protein were performed for 2 h at 4°C with
appropriate primary antibodies. Complexes were captured with
Sepharose 4B-coupled protein G (Sigma). Precipitates were washed with
phosphate-buffered saline (pH 7.4) and boiled in 2 3 reducing sample
buffer before electrophoresis. Immunoprecipitates were electrophoresed
and proteins were transferred to nitrocellulose membranes. Immunoblots
were probed with appropriate antibodies followed by peroxidase-
conjugated antimouse or antirabbit IgG (Dako, Glostrup, Denmark).
Detection was performed with the ECL system (Amersham Pharmacia
Biotech, Buckinghamshire, U.K.). In the case of [35S]-methionine
labeling bands were evaluated with phosphorus imaging (FLA-3000,
Raytest Schweiz, Urdorf, Switzerland).
Figure 2. Features of keratinocyte apoptosis and cadherin
molecules in keratinocyte cultures. (A) Intact monolayer of third-
passage keratinocytes after coculture with unstimulated CD45RO+ T
cells in Transwell plates. Interference contrast. (B) Destroyed monolayer
2 d after Transwell coculture with stimulated (with anti-CD2, anti-CD3,
and anti-CD28 MoAb) CD45RO+ T cells. Interference contrast. (C)
Intact monolayer of keratinocytes after coculture with unstimulated
CD45RO+ T cells. Hoechst staining. (D) Induction of keratinocyte
apoptosis 1 d after coculture with stimulated CD45RO+ T cells. Note
bright, condensed nuclei and nuclear fragmentation as signs of apoptosis.
Hoechst staining. (E±K) Immunocytologic staining with 3-amino-9-
ethylcarbazole substrate. (E) E-cad cell border staining of an intact
keratinocyte monolayer after coculture with unstimulated CD45RO+ T
cells. (F) Dsg (anti-pan-Dsg) staining of an intact keratinocyte monolayer
after coculture with unstimulated CD45RO+ T cells. (G) Marked
reduction of E-cad membrane staining in remaining keratinocyte islets
1 d after coculture with stimulated CD45RO+ T cells. Remaining
keratinocyte islets 1 d after coculture with stimulated CD45RO+ T cells
show (H) sustained Dsg1+2 staining, (I) slightly decreased but still visible
Dsg3 cell surface immunoreactivity, and (J) sustained Dsc3 staining.
Simultaneously, dual staining of E-cad (K) and Hoechst (L) of the same
keratinocyte monolayer show decreased E-cad expression, chromatin
condensation, and fragmented nuclei. Results shown in (A±L) represent
three experiments. Scale bars: (A±D) 100 mm; (E±L) 50 mm.
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Immunocytology and immunohistology Keratinocytes cultured in
Transwell plates or on culture slides (Becton Dickinson, Meylan, France)
were ®xed in acetone for 10 min at 4°C. The tissue samples were placed
in Tissue-Tek OCT compound (Sakura-Finetek Europe, Zoeterwoude,
The Netherlands). Five micrometer cryostat sections were prepared on
gelatin-coated slides. After air-drying sections were ®xed in acetone for
10 min at 4°C. Sections or cultured keratinocytes were incubated with
the primary antibodies at 4°C overnight, followed by incubation with
biotin-conjugated antimouse or antirabbit IgG and preformed streptAB-
Complex-peroxidase (all from Dako) for 1 h. The peroxidase-speci®c
substrate 3-amino-9-ethylcarbazole (Sigma) was used for visualization,
with hematoxylin counterstaining.
Statistical analysis Results are shown as mean 6 SD. The paired
Student's t test was used for comparison of paired conditions.
RESULTS
T-cell-mediated Fas-induced keratinocyte apoptosis in
eczematous dermatitis Features of T-cell-induced keratino-
cyte apoptosis were recently reported in detail (Trautmann et al,
2000). Spongiosis, the histologic hallmark of eczematous disorders,
is characterized by impairment of cohesion between epidermal
keratinocytes (Fig 1A, B). T cells constitute the major cells in
dermal in®ltrates and some of the CD4+ and CD8+ T cells invade
the spongiotic epidermis (Fig 1C). Apoptotic cells may be
identi®ed in situ by histochemical techniques staining double-
strand DNA breaks (Gavrieli et al, 1992). As shown in Figs 1(D)±
1(F), TUNEL-stained keratinocytes are visible in acute lesions of
AD and ACD. In keratinocyte±T cell cocultures, we observed
killing of keratinocytes by stimulated CD45RO+ memory/effector
T cells (Fig 1G). Keratinocyte apoptosis could be inhibited by
pretreatment with either anti-IFN-g receptor blocking MoAb or
with the Fas-Fc protein, a competitive inhibitor of Fas ligand±Fas
interactions. In summary, T cells in®ltrating the skin render
keratinocytes susceptible to apoptosis by IFN-g and induce
apoptosis by Fas ligand expression.
Decreased E-cad expression in apoptotic keratino-
cytes Coculture of keratinocytes and stimulated T cells
induces apoptosis of keratinocytes with characteristic
morphologic features (Fig 2A, B). The ®rst morphologic changes
are retraction and reduction of keratinocyte contacts that ultimately
result in cell detachment. The apoptotic type of keratinocyte death
was investigated by demonstration of apoptosis features such as
chromatin condensation and fragmented nuclei with Hoechst
staining (Fig 2C, D). To eliminate that the apoptotic bodies are
derived from T cells, keratinocytes and T cells were separated in
Transwell plates. Viable keratinocyte monolayers are characterized
by an intense cell membrane staining with anti-E-cad, Dsg, and Dsc
MoAb (Fig 2E, F). Induction of apoptosis destroys the
keratinocyte monolayer and a cell population appears to ¯oat in
the medium. The remaining islets of keratinocytes still attached to
the cell culture plate exhibit reduction in E-cad membrane staining
(Fig 2G). In contrast, the desmosomal cadherins Dsg1+2 and Dsc3
of still adhering keratinocytes sustained their surface staining
(Fig 2H, J). Using the anti-Dsg3 MoAb we observed a slight
decrease of immunoreactivity (Fig 2I). A double label assay of the
same keratinocyte monolayer using Hoechst staining together with
E-cad immunohistology 1 d after induction of keratinocyte
apoptosis demonstrated loss of E-cad (Fig 2K) and chromatin
condensation and fragmentation as signs of ongoing apoptosis
(Fig 2L) simultaneously.
E-cad cleavage as an early event in keratinocyte
apoptosis Primary human keratinocytes expressed full-length
E-cad (120 kDa) at reasonably high levels. Keratinocytes were
induced to undergo apoptosis by preincubation with IFN-g
followed by anti-Fas MoAb (Fig 3A) or by coculture with
stimulated T cells (Fig 3B). After 24 h in both conditions a
signi®cant reduction of keratinocyte viability was observed. E-cad
cleavage started after 6 h and the 85 kDa degradation product
appeared as early as 6 h, as demonstrated by immunoprecipitation
and immunoblotting with anti-E-cad MoAb (H-108 recognizes
both full-length 120 kDa E-cad and cleaved 85 kDa E-cad; epitope
corresponding to aminoacids 600±707 within the extracellular
domain) (Vallorosi et al, 2000). E-cad was fully degraded after
24 h, when keratinocyte viability substantially decreased to 47%.
Comparison of viability and E-cad expression at the 6, 12, and 24 h
time points demonstrated that the E-cad cleavage and accumulation
of the degradation product preceded the onset of cell death and
therefore represents an early event in keratinocyte apoptosis. In
contrast, b-catenin was not cleaved during early keratinocyte
apoptosis (Fig 3A). We further used biosynthetic labeling to study
the synthetic processing and fate of E-cad (Fig 3A). After 6 h [35S]-
methionine labeling we observed a reduction of E-cad at the 12 and
24 h time points. To rule out that the E-cad fragmentation is
generated through transcriptional mechanisms, we examined the
levels of E-cad mRNA to determine whether the fragments
resulted from alternatively spliced transcripts. E-cad mRNA
Figure 3. Cleavage of surface E-cad as an early event in
keratinocyte apoptosis. (A) Keratinocytes were pretreated with 10 ng
per ml IFN-g and keratinocyte apoptosis was induced with 1 mg per ml
anti-Fas MoAb. [35S]-methionine protein labeling was done for 6 h.
Immunoprecipitation and immunoblotting of the same protein
employing anti-E-cad, anti-b-catenin, anti-Dsg1+2, anti-Dsg3, anti-
Dsc1, and anti-Dsc3 MoAb depicts the protein expression during the
time course. Viability was measured by ethidium bromide exclusion and
represents the mean value 6 SD of triplicates. *p < 0.05. (B) Loss of E-
cad±b-catenin association in apoptotic keratinocytes. Keratinocytes were
cocultured with stimulated (with anti-CD2, anti-CD3, and anti-CD28
MoAb) CD45RO+ T cells in Transwell plates. Keratinocytes were
cultured 24 h alone as control. b-Catenin was coimmunoprecipitated
with anti-E-cad MoAb and detected after immunoblotting with an anti-
b-catenin MoAb. Viability was measured by ethidium bromide exclusion
and represents the mean value 6 SD of triplicates. *p < 0.05. (C)
Disturbance of keratinocyte±keratinocyte cohesion by blocking E-cad.
Phase contrast of an intact keratinocyte monolayer (left). Keratinocytes
cultured in the presence of 10 mg per ml blocking anti-E-cad MoAb
(SHE78-7) (right). Results shown in (A±C) represent three experiments.
Scale bars: (C) 50 mm.
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isolated from IFN-g and anti-Fas MoAb treated keratinocytes
revealed the accumulation of a single 535 bp transcript by reverse
transcriptase polymerase chain reaction (data not shown). Blocking
of E-cad by anti-E-cad MoAb results in reduced keratinocyte
contacts mimicking epidermal spongiosis in vitro (Fig 3C). This
functional blockade of E-cad alone did not alter the viability of
cultured keratinocytes (data not shown), probably because integrin-
mediated adhesion to the cell culture plate provides essential signals
that promote survival and growth of cultured keratinocytes (Zhu
and Watt, 1996).
Loss of E-cad and b Catenin interaction during
apoptosis The intracellular domain of E-cad is linked to the
actin cytoskeleton through its interaction with the cytoplasmic
adaptor proteins a-catenin, b-catenin, and g-catenin. This
interaction is essential for the adhesive function of E-cad
(Amagai, 1995; Yap et al, 1997; Koch et al, 1999). We employed
coimmunoprecipitation to examine the loss of b-catenin binding
by the cleaved E-cad. When keratinocyte lysates were
immunoprecipitated with an anti-E-cad MoAb, the
coimmunoprecipitated (i.e., bound) b-catenin could be detected
by immunoblotting with an anti-b-catenin MoAb. Signi®cant
apoptosis in keratinocytes leads to a reduction (12 h) and ®nally loss
(24 h) of coimmunoprecipitated b-catenin protein (Fig 3B).
Expression of the desmosomal cadherins Dsg and Dsc
during apoptosis Dsg and Dsc exist as closely related isoforms,
designated Dsg1, Dsg2, Dsg3, Dsc1, Dsc2, and Dsc3 (SchaÈfer et al,
1994; Amagai, 1995; King et al, 1995). Therefore MoAb that
recognize different isoforms of either molecule were used for
immunoprecipitation and immunoblotting (SchaÈfer et al, 1994;
1996; Nuber et al, 1996). In cultured primary keratinocytes Dsc1 is
restricted to local piles of differentiated cells (Nuber et al, 1996). In
contrast to the marked reduction of E-cad expression during early
apoptosis, immunoprecipitation and immunoblotting with anti-
Dsg1+2, anti-Dsg3, anti-Dsc1, and anti-Dsc3 MoAb demonstrated
that the desmosomal cadherins were not degraded in the ®rst 24 h
of keratinocyte apoptosis (Fig 3A).
Inhibition of apoptosis prevents cleavage of E-cad E-cad
was not detectable in lysates of apoptotic keratinocytes after 24 h of
treatment with supernatants from stimulated T cells or IFN-g and
anti-Fas MoAb (Fig 4A, B). Inhibition of apoptosis with Fas-Fc
protein and blocking of the IFN-g receptor results in viable
keratinocytes with native E-cad expression (Fig 4A). Activation of
caspases and caspase-mediated cleavage of intracellular proteins are
crucial steps in apoptosis (Rathmell and Thompson, 1999). To
con®rm that cleavage of E-cad was also attributable to activated
caspases, keratinocytes pretreated with IFN-g and soluble Fas ligand
were cultured in the presence of caspase inhibitors. Results of
immunoprecipitation and immunoblotting are shown in Fig 4(B).
Addition of Z-VAD-FMK (it is an irreversible inhibitor of caspases
1, 3, 4, and 7 at 100 mM concentration) or Ac-DEVD-CHO (it is a
reversible inhibitor of caspases 1, 3, 4, and 7 at 1 mM
concentration) inhibits apoptosis so that no cleavage of E-cad was
detected. As shown in Figs 3(A), (B), the 85 kDa degradation
product at 24 h was not consistently detectable in all experiments
(compare Figs 4A, B).
Keratinocyte E-cad expression is abolished in acute
eczematous dermatitis In biopsy specimens of normal skin
and acute eczematous dermatitis lesions, we investigated the
intensity and staining pattern of E-cad in comparison to
desmosomal cadherins. In unaffected skin E-cad staining can be
seen sharply demarcated at the cell surface of spinous and granular
layer keratinocytes (Fig 5A). The remarkably weaker E-cad
staining at the lateral and basal surfaces of basal keratinocytes may
be due to expression of integrins and P-cadherin at these sites
(Yancey, 1995). In the spongiotic epidermis of acute AD and ACD,
E-cad staining is markedly reduced and no longer localized at the
keratinocyte cell surface (Fig 5B, C). In normal human epidermis,
cell surface staining with Dsg1+2 and Dsc3 was observed in all
viable cell layers (Fig 5D, J). In serial sections covering the same
areas as in the E-cad staining, immunoreactivity of Dsg1+2 and
Dsc3 is preserved and still concentrated at the cell surface in AD
and ACD (Fig 5E, F, K, L). The MoAb localizes Dsc1 in the
upper spinous/granular layers but not in the basal/lower spinous
layers of normal epidermis (Fig 5G). In acute AD and ACD
suprabasal Dsc1 staining is reduced, but in contrast to E-cad still
detectable (Fig 5H, I).
DISCUSSION
T-cell-mediated Fas-induced keratinocyte apoptosis plays a key
pathogenetic role in eczematous dermatitis. In this study, we
demonstrate that E-cad cleavage is an early event in apoptosis of
keratinocytes. In contrast, the desmosomal cadherins Dsg and Dsc
were not affected after induction of keratinocyte apoptosis. This
differential fate of cadherin adhesion molecules in the early phase of
keratinocyte apoptosis was demonstrated also in skin biopsies
exhibiting spongiotic changes of acute eczematous dermatitis.
Therefore, induction of keratinocyte apoptosis by skin-in®ltrating
T cells, subsequent cleavage of E-cad, and resisting desmosomal
cadherins suggests a mechanism for spongiosis formation in
eczematous dermatitis.
Figure 4. Inhibition of keratinocyte apoptosis also inhibits E-cad
cleavage. (A) Induction of keratinocyte apoptosis with supernatants
from stimulated (with anti-CD2, anti-CD3, and anti-CD28 MoAb)
CD45RO+ T cells and with 10 ng per ml IFN-g followed by 1 mg per
ml anti-Fas MoAb. 1 mg per ml Fas-Fc protein and 1 mg per ml anti-
IFN-g receptor MoAb inhibit apoptosis and E-cad cleavage.
Keratinocytes cultured 24 h alone as control. Viability was measured at
24 h by ethidium bromide exclusion and represents the mean value 6
SD of triplicates. *p < 0.05. (B) Induction of keratinocyte apoptosis with
T cell supernatant, 10 ng per ml IFN-g followed by 1 mg per ml anti-Fas
MoAb, and 10 ng per ml IFN-g followed by 10 ng per ml soluble Fas
ligand. Pretreatment with 100 mM Z-VAD-FMK and 1 mM Ac-DEVD-
CHO for 1 h inhibits apoptosis and E-cad cleavage. Keratinocytes
cultured 24 h alone as control. Viability was measured at 24 h by
ethidium bromide exclusion and represents the mean value 6 SD of
triplicates. *p < 0.05. Results shown in (A) and (B) represent three
experiments.
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The development of spongiosis is initiated by early keratinocyte
apoptosis due to cell shrinkage and cleavage of E-cad, which is
essential in mediating keratinocyte cohesion. Our data show that
impairment and loss of keratinocyte cohesion constitute the
primary event in spongiosis formation. Therefore, despite being
the obvious driving force of spongiosis formation, ¯uid in¯ux into
the skin is apparently not the primary step, but rather the end result
of a sequence of pathogenic events. Accordingly, dermal in¯am-
mation and intense ¯uid in¯ux into the dermis in urticaria leave
skin coherence totally intact (Natbony et al, 1983). In contrast, in
early lesions of bullous autoimmune skin diseases in which
desmosomal cadherins are targeted by autoantibodies, spongiosis
is visible (Machado-Pinto et al, 1996; Hertl, 2000). It should be
noted here that spongiosis is a nonspeci®c sign of cutaneous
in¯ammation involving the epidermis. It is found in all kinds of
eczemas, in bullous skin diseases, and in some viral and super®cial
fungal infections as well (Wolff et al, 1993).
Spongiosis takes place mainly in the spinous layer of the
epidermis. The heterogenous basal layer contains stem cells, transit
amplifying cells, and postmitotic differentiating cells with high
expression of integrins (Kaur and Li, 2000). It seems that in the
basal layer at least stem cells exhibit strong antiapoptotic defenses
(Norris et al, 1997). In contrast to adherens junctions that may
contain only E-cad, desmosomes always include cadherins from
two subfamilies, Dsg and Dsc (Mechanic et al, 1991; Chitaev and
Troyanovsky, 1997). We demonstrate that apoptosis-induced
protein cleavage in keratinocytes is selective for certain adherens
junction and desmosomal proteins. E-cad was cleaved, whereas b-
catenin and desmosomal cadherins were not. The functional
properties of E-cad and desmosomal cadherins are distinct despite
their overall structural homology. The most striking sequence
difference between Dsc, Dsg, and E-cad lies in their cytoplasmic
tails (Mechanic et al, 1991; SchaÈfer et al, 1994; King et al, 1995;
Chitaev and Troyanovsky, 1997; Hanakawa et al, 2000). This may
contribute to the selectivity of the cytoplasmic tails for different
plaque proteins connecting them with different cytoskeletal
®laments. These differences may also account for the differential
behavior of desmosomal cadherins and E-cad in keratinocyte
apoptosis. In the spongiotic epidermis of eczematous dermatitis, not
all keratinocytes go into apoptosis. Therefore it is likely that in areas
of intense spongiosis there is additional cleavage of cadherins on
bystanding keratinocytes without ongoing apoptosis possibly due to
proteinases released from secondary necrotic keratinocytes.
The b-catenin binding domain of E-cad has been mapped to the
residues 815±819 in the cytoplasmic tail (Miller and Moon, 1996).
Cleavage of E-cad results in loss of coimmunoprecipitated b-
catenin in this study. Recently, it was demonstrated that truncation
of E-cad, loss of b-catenin binding, and cellular dissociation take
place during prostate and mammary involution (Vallorosi et al,
2000). In the same study E-cad mRNA was examined by northern
blot and reverse transcriptase polymerase chain reaction and only
the accumulation of a single transcript was found. Together these
results demonstrate that loss of E-cad results from rapid, post-
translational cleavage of the molecule, and not from transcriptional
events. Similar E-cad truncation patterns by caspases were found in
ischemic kidneys and apoptotic retinoblasts (Schmeiser and Grandt,
1999; Bush et al, 2000).
E-cad acts as a substrate for activated caspases during keratinocyte
apoptosis and its cleavage was inhibited by caspase inhibitors. These
caspase inhibitors were also able to abrogate T-cell-induced
keratinocyte apoptosis at the same concentration that blocked
caspase-mediated cleavage events. Because of high levels of
glycosylation of cadherins, several potential caspase cleavage sites,
and different antibody epitopes, it is dif®cult to accurately
determine the size of the proteolytic fragments by sodium dodecyl
sulfate polyacrylamide gel electrophoresis. The discrepancy be-
tween theoretically predicted and observed molecular weights was
reported previously (Schmeiser and Grandt, 1999; Bush et al, 2000;
Vallorosi et al, 2000). Proteolytic fragments of various sizes were
observed (e.g., 97 kDa, 80 kDa, 48 kDa) in different cell types
with different antibodies. We observed a cleavage product of about
85 kDa and this is consistent with proteolysis occurring at one of
Figure 5. Loss of membrane E-cad in the
spongiotic epidermis of acute eczematous
dermatitis. Immunohistologic staining with 3-
amino-9-ethylcarbazole substrate and counter-
staining with hematoxylin. (A), (D), (G), (J)
Normal, healthy skin showing typical E-cad,
Dsg1+2, Dsc1, and Dsc3 distribution. Serial
sections of lesional AD skin using anti-E-cad (B),
anti-Dsg1+2 (E), anti-Dsc1 (H), and anti-Dsc3
(K) MoAb. Serial sections of lesional ACD skin
using anti-E-cad (C), anti-Dsg1+2 (F), anti-Dsc1
(I), and anti-Dsc3 (L) MoAb. Results are
representative of four specimens of each
condition. Scale bar: 50 mm.
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the potential caspase cleavage sites located towards the center of the
molecule (Schmeiser and Grandt, 1999). Considering the mol-
ecular masses of the fragments and the antibody mapping, it was
demonstrated that the cleavage site of E-cad during apoptosis is
proximal to the transmembrane domain in the cytoplasm (Vallorosi
et al, 2000). At the 24 h time point the 85 kDa cleavage product
was not consistently detectable, suggesting that further degradation
may also occur.
In a human breast epithelial and a canine kidney cell line,
apoptosis-induced cleavage of b-catenin as well as E-cad by caspases
results in proteolytic fragments with reduced transactivation
potential (Steinhusen et al, 2000). During endothelial apoptosis
cleavage of b-catenin and plakoglobin and shedding of vascular
endothelial cadherin may act in concert to disrupt structural
properties of adherens junctions (Herren et al, 1998). Accordingly,
we examined how E-cad and b-catenin complexes were affected by
the onset of apoptosis. We found loss of E-cad and b-catenin
association but no obvious b-catenin degradation during keratino-
cyte apoptosis. In bovine pulmonary artery endothelial cells,
lipopolysaccharide-induced apoptosis revealed cleavage of b-
catenin and g-catenin, but vascular endothelial cadherin remained
intact (Bannermann et al, 1998). These discrepancies in the
observed fate of cadherins and b-catenin during apoptosis may be
partly due to the use of cell lines, e.g., in melanoma cell lines
apoptosis pathways are changed and mutations in the b-catenin
gene were observed (Rubinfeld et al, 1997). Cadherin-mediated
cell±cell contacts could substitute for integrin±extracellular matrix
adhesion to prevent apoptosis in squamous cell carcinoma cells
(Kantak and Kramer, 1998; Day et al, 1999). In our experiments
with primary human keratinocytes, functional blocking of E-cad
alone did not induce keratinocyte apoptosis. The morphology of
cultured keratinocytes in the presence of the blocking anti-E-cad
MoAb, however, resembled the in vivo observed spongiosis.
T cells in®ltrating the skin in eczematous dermatitis induce
keratinocyte apoptosis (Schwarz, 2000; Trautmann et al, 2000).
The early apoptotic response of keratinocytes is characterized by
cleavage of E-cad, whereas desmosomal cadherins remain intact.
Hydrostatic pressure, which is an important factor in the develop-
ment of spongiosis, and the portions of the epidermal cell surface
that still retain desmosomes may explain the elongation and
distortion of remaining intercellular contacts observed in histo-
pathology.
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